INTRODUCTION
The role of the immune system in influencing cancer pathogenesis was controversial for most of the 20th century. Notwithstanding, the apparent susceptibility of immunosuppressed patients to specific cancers and the efficacy of a variety of nonspecific but immunomodulatory agents suggested an important role of immunity in tumorigenesis. In recent years, Schreiber and other investigators made a compelling case for the existence of cancer immunosurveillance (1, 2) . Their proposed model of ''immunosurveillance and immunoediting'' emphasizes the interplay between the immune system and evolving cancers. In this model, early immunogenic tumor cells are eliminated, while less immunogenic tumor cells persist. In later disease, tumors escape immune control by numerous mechanisms including the elaboration of factors such as TGF-b, PGE2, IL-10, gangliosides and indoleamine 2, 3-dioxygenase. It has also become clear that the tumor microenvironment in later stage cancer is enriched with immunosuppressive populations of cells, particularly CD4
þ regulatory T cells (Treg), plasmacytoid dendritic cells (DCs) (3) and immature myeloid cells (4) . These elements constitute an important barrier to strategies aimed at the induction of immune responses against tumorassociated antigens. Indeed, most experiences with active immunotherapies have yielded disappointing results. Recent progress in the study of innate immunity has redirected investigators in the field of cancer immunotherapy towards the use of microbial derived adjuvants. This experience has yielded some more promising outcomes and has provided mechanistic insights into the efficacy of some conventional therapies. A growing understanding of the interplay between effectors, antigen-presenting cells and the tumor microenvironment has led immune-based therapies that have a significant impact in some diseases. The role of radiation as an immune activator has increasingly appreciated and an evolving field of investigation focuses on the integration of radiotherapy in immune-based therapies. Here, we review recent progress in the field of dendritic cell-based immunotherapy, evidence for radiation-induced antitumor immunity and Toll-like receptor (TLR) signaling and the results of efforts to rationally integrate radiation into dendritic cell-based immunotherapy strategies.
TLRs IN INNATE AND ADAPTIVE IMMUNITY
Investigations into the developmental biology of fly larvae led to the identification of the Toll gene Drosophila and the transmembrane receptor it encodes (5) . The demonstration that loss-of-function mutations in the Toll gene result in susceptibility to fungal infection, but not to gram negative bacterial infection (6) led to the extensive characterization of immune responses in Drosophila. A parallel search for similar features of immunity in mammals followed (7) . Eleven TLRs with homology to invertebrate counterparts were subsequently identified in humans. Tolllike receptors recognize molecular patterns common to many pathogens, termed pathogen-associated molecular patterns (8) . These include: double-stranded RNA, which is recognized by TLR3 (9); lipopolysaccharide (LPS), which is recognized by TLR4 (10); single-stranded RNA, which is recognized by TLR7/8 (11); and DNA containing the unmethylated CpG motif, which is recognized by TLR9 (12) . Additionally, endogenous ligands of TLRs have been identified, including heat-shock proteins (13) and degradation products of endogenous macromolecules (e.g., heparan sulfate) (14) .
An extensive investigation into the molecular basis of TLR function has been undertaken in recent years (15) . Though considerable overlap exists between implicated pathways, signaling through the various TLRs may initiate discreet downstream molecular events (Fig. 1) . Most TLRs act through the myeloid differentiation primary response protein 88 (MyD88) and tumor necrosis factor receptorassociated factor 6 to activate nuclear factor jB (NF-jB) and mitogen-activated protein kinases and thereby induce gene transcription. MyD88-independent signaling through the TIR-domain-containing adapter inducing IFN-b (TRIF) and the TRIF-related adapter molecule after TLR3 and 4 binding, induce the transcription factor interferon regulatory factor-3 (IRF-3).
Importantly, TLR binding results not only in the activation of effectors of innate immunity, but also in the induction of adaptive responses. Ligation of TLRs expressed by antigen presenting cells (APC) may result in the expression of co-stimulatory molecules (e.g., CD80 and CD86) and cytokines (e.g., IL-6 and IL-12) (16). Moreover, TLR-primed dendritic cells induce antigenspecific high avidity CD8 þ (17, 18) and type-I polarized CD4 þ T-cell responses (19) . These findings have provided a foundation for immunotherapeutic strategies targeting tumor-associated antigens for the treatment of malignancies.
TLR AGONISM AS CANCER IMMUNOTHERAPY
Potential therapeutic applications of microbial derived elements have long been recognized. William B. Coley's ''toxin'' was perhaps the most notable historic example -a preparation of killed Serratia and Streptococci, which he administered to patients with various malignancies. In recent years, Janeway and colleagues provided mechanistic insight into the basis of such classical immunization strategies through the identification of TLRs and patho- gen-associated molecular patterns (8) . Through the induction of antigen-presenting cell maturation and secretion of proinflammatory chemokines and cytokines, TLRs provide a link between innate and adaptive immunity, which may be exploited to induce robust immune responses against specific antigens. The therapeutic potential of TLR activation in a variety of clinical settings is becoming increasingly evident (20) . Established cancer therapeutics, including the Bacillus Calmette-Guerin (BCG) cell-wall skeleton (CWS) and imiquimod, used for the treatment of bladder cancer and basal cell skin cancer, respectively, act on TLRs (21, 22) . Moreover, numerous preclinical and clinical trials have utilized TLR agonists as vaccine adjuvants. CpG oligodeoxynucleotides (ODN), which act on TLR9, have been studied most extensively in this setting and appear to enhance vaccine immunogenicity (23, 24) . Limitations of such strategies are likewise apparent, as uniform clinical responses remain elusive. While improvements in the design of immunotherapies may result in enhanced efficacy, conventional adjunctive therapies may have a role as well. Immunomodulatory effects of cytotoxic chemotherapy may result in enhanced immunogenicity of TLR-targeted immunotherapies. Conversely, TLR-targeted therapy may enhance subsequent responses to chemotherapy. Such combinations have been explored in a number of preclinical studies, sometimes with promising results (25) (26) (27) . Shi et al. demonstrated enhanced chemosensitivity of chronic lymphocytic leukemia cells after tolerizing treatment with the TLR7 agonist, S28690 (27) . The addition of a TLR9 agonist was shown to yield improved clinical responses to chemotherapy in patients with non-small cell lung cancer (28) .
EFFECTS OF RADIATION EXPOSURE ON DENDRITIC CELLS
Radiation therapy has traditionally been viewed as immunosuppressive (29) (30) (31) . Lymphocyte radiosensitivity is well established and remains the dominant explanation for this effect. However, substantial evidence suggests more varied effects of radiation exposure on the immune system, prompting the re-characterization of radiation as ''immunomodulatory'' rather than immunosuppressive (32) . Increased expression of proinflammatory cytokines, including TNF-a and IL-1b after irradiation has been reported (33) (34) (35) (36) . These observations suggest a potential role for radiation in signaling ''danger'' and in the activation of antigenpresenting cells (32) . However, studies aimed at determining the effects of radiation exposure on antigen-presenting cell phenotype, cytokine expression and function have led to somewhat divergent conclusions. While alterations in DC phenotype have been demonstrated infrequently (37) , a number of investigators have noted changes in the cytokine secretory profile and function of DCs after irradiation. For example, Shigematsu et al. reported enhanced expression of IL-2, IL-12 and IFN-c by irradiated DCs (38) . This expression profile correlated with greater T-cell proliferation after co-culture with irradiated DCs compared to nonirradiated DCs. In contrast, Merrick et al. reported decreased IL-12 production and impaired naive T-cell priming by irradiated DCs compared to nonirradiated DCs (39) .
The effect of radiation on DC antigen presentation also remains controversial with a number of studies suggesting significant modulation of, or no effect on, T-cell stimulatory capacity. Conversely, Liao et al. reported impaired T-cell priming against endogenously processed antigen and enhanced priming against exogenous peptide (40) , suggesting a more complex interplay between radiation and DC function. A number of factors may explain why the consistent characterization of immune responses to radiation remains elusive include differences in radiosensitivity or reactivity of different cell and tissue types and dose-dependent effects. The latter have been explored in a number of studies, some of which suggest that lower doses of radiation have a greater potential to enhance immune responses (38, (41) (42) (43) . Optimal dosing regimens and the complex interplay between radiation dose and delivery with target tissue-associated factors and host immunity have yet to be consistently defined (44) .
RADIATION-INDUCED TLR SIGNALING IN DENDRITIC CELLS
Investigations into the function of TLRs have provided mechanistic insight into the actions of several established cancer therapies. Recent evidence suggests that TLRdependent mechanisms contribute to the therapeutic effects of radiation as well. It has been widely hypothesized that tumor irradiation activates effectors of innate immunity through the induction of tumor cell apoptosis and the release of endogenous TLR agonists (45, 46) . The observation that such ubiquitous factors as heat-shock proteins and uric acid can act through TLRs and induce DC maturation (47) supports this mechanism as does the demonstration that immature DCs, when administered into irradiated tumors, induce antitumor immunity (48) . More recently, the high-mobility-group box 1 alarmin protein, released by dying tumor cells, was shown to act on TLR4 expressed by DCs. Moreover, binding of TLR4 was demonstrated to increase the efficiency of tumor antigen processing and presentation (49) . TLR-dependent mechanisms may play a role in systemic therapies as well. Whole-body irradiation was shown to increase bacterial translocation and circulating levels of the TLR4 agonist lipopolysaccharide. This phenomenon was associated with enhanced antitumor immunity in an adoptive transfer model (50) .
When considered together, such evidence provides a strong rationale for the use of radiation therapy as an RADIATION AND IMPLICATIONS FOR DC IMMUNOTHERAPY immune intervention; a paradigm shift from the traditional view of radiation therapy as a cytotoxic or cytoreductive therapy. The capacity of radiation to elicit the expression of TLR ligands systemically after gastrointestinal tract irradiation or locally after tumor irradiation, may prove valuable in conjunction with other immunotherapies. Pursuit of such approaches, however, must be tempered by the recognition that TLR agonism may have other unanticipated consequences. Indeed, data is emerging that activation of particular pathways (e.g., after TLR4 or TLR9 agonism) may contribute to radioresistance (51) .
PROVIDING ANTIGEN FOR DENDRITIC CELL PRESENTATION
Induction of antitumor immunity by exposure to radiation may result from enhanced tumor antigen recognition. Radiation induces tumor cell apoptosis or necrosis secondary to vascular injury (52) . Subsequent phagocytosis of apoptotic bodies by DCs and initiation of antitumor T-cell responses through cross presentation may ensue if DC maturation signals are concomitantly present. A number of studies have suggested that necrosis, but not apoptosis, is associated with DC maturation signals (53, 54) . However, more recent evidence suggests that some apoptotic pathways do induce DC maturation and antitumor immunity (55) . Sublethal irradiation of tumors may also result in enhanced expression of surface molecules recognized or targeted by immune effectors, as is suggested by studies demonstrating increased expression of the MHC class I antigen, H-2D, by melanoma cells (56) and tumorassociated antigens including carcinoembryonic antigen (CEA) by gastric adenocarcinoma cells (57) . Increased expression of the death receptor Fas after irradiation has also been demonstrated in a transgenic CEA-expressing tumor model and associated with greater susceptibility to cytotoxic T lymphocyte (CTL)-mediated tumor cell lysis (58) .
RADIATION EFFECTS ON THE MICROENVIRONMENT
As noted above, the tumor microenvironment is enriched with a variety of immunosuppressive elements. Radiation exposure may alter the microenvironment to allow for more robust antitumor immunity. Suppressor populations of T cells may be more radiosensitive than their effector counterparts and, conversely, tumor-specific effector T cells may be relatively radioresistant (59, 60) . Enhanced functionality of adoptively transferred T cells after radiation-induced lymphodepletion has also been linked to increased availability of homeostatic cytokines (61) . A number of studies have measured the effects of low-dose total-body irradiation on the relative size of T-cell subpopulations and expression of cytokines associated with T-cell activation. In one report, low-dose irradiation after transplantation of a hepatoma cell line in a rat model resulted in an increased proportion of CD8 þ splenocytes, increased numbers of tumor-infiltrating lymphocytes, increased TNF-a and IFN-c expression and decreased TGF-b expression. This response correlated with a reduction in metastases (41) . Another study demonstrated an increased CD4
þ T-cell ratio and decreased expression of TGF-b and VEGF after low-dose total-body irradiation, which correlated with delayed tumor growth in mice transplanted with the Lewis lung carcinoma cell line (62) .
Radiation may also induce immune-mediated targeting of tumor stroma. Antigen released after tumor irradiation may be presented by stromal cells for subsequent destruction by CTLs. This mechanism was recently demonstrated by Zhang et al. in experiments utilizing immunodeficient mice xenotransplanted with tumor. Only the combination of radiation and adoptive transfer of CTLs resulted in tumor regression, and correlated with increased expression of tumor-specific peptide-MHC complexes as delineated using a tumor antigen/MHC complex-specific TCR tetramer (63) . Direct effects of radiation on the stroma may play a role in enhancing immune-mediated tumor regression as well. Induced modulation of the expression of adhesion molecules, such as accumulation of P-selectin in the lumen of tumor vasculature, may enhance infiltration of immune effectors into the tumor stroma (64, 65) .
A dynamic interplay between irradiated tumor cells, stromal elements and immune mediators has also been implicated in tumor recurrence after radiation therapy. Indeed, stromal cellular elements including endothelial and myeloid cells have been implicated in tumor cell resistance and tumor recurrence after irradiation (66) (67) (68) . Recruitment of myeloid precursors into the tumor microenvironment early after irradiation appears to presage recurrence (69, 70) . Additionally, Huang et al. reported that dying tumor cells use the apoptotic process to generate potent growthstimulating signals including elaboration of caspase-3 to stimulate the repopulation of tumors undergoing radiotherapy (71) . These data highlight the potential pitfalls of reductive models that cast radiation as uniformly tumoricidal or tumorigenic and the need for a more nuanced understanding of the effects of radiation.
COMBINING DENDRITIC CELL THERAPY AND RADIATION EXPOSURE
Building upon the hypothesis that radiation exposure can enhance antitumor immunity, investigators have begun to combine radiation therapy with immunotherapies (72) . Generally, such efforts employ radiation exposure to induce tumor cell apoptosis or necrosis with resultant antigen release for subsequent presentation by DCs. Several investigators þ CTLs and CD20 þ B cells around DCIS lesions. Marked reduction of HER2 expression in lesions was frequently observed. In HLA-A2.1 þ subjects, postvaccination CD8 þ T cells routinely recognized HER2-positive breast cancer cell lines (but not HER2-negative lines) and specifically secreted IFN-c in vitro. Moreover, the immunity generated by this vaccination regimen proved to be long-lived. All evaluated subjects had long-term CD4 T-cell immunity to vaccine peptides demonstrated by ELISPOT (83) .
We recently compared clinical and immune responses post-vaccination in estrogen-dependent and estrogenindependent patients (ER þ and ER -, respectively). Interestingly, complete tumor regression was significantly more common in patients with ER-independent DCIS (40% of patients) compared to ER-dependent DCIS (4% of patients). Moreover, those patients who had received radiotherapy to the ipsilateral breast for a previous breast cancer event derived particular benefit compared to þ breast ductal carcinoma in situ (DCIS) were treated with HER2-pulsed type 1-polarized DC vaccine prior to surgery. Residual disease at the time of surgery was assessed, and percentage of patients displaying complete response (CR) is shown. ER-independent patients who had prior ipsilateral breast irradiation showed particularly marked tumor regression compared with ER-dependent patients or those who had received no prior irradiation or prior irradiation to the contralateral breast only.
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patients with ER-dependent disease and those who had received prior irradiation to the contralateral breast (Fig. 2) (84). These results suggest that radiation may have a sustained local effect that enhances subsequent vaccine efficacy. Observations such as these highlight limitations in our current understanding of the interactions between radiation therapy and DC-based immunotherapy. Determining the durability of radiation-induced changes in the tumor microenvironment and the optimal timing and sequencing of combined therapies will be important areas for further investigation.
COMBINING RADIATION THERAPY WITH TOLL-LIKE RECEPTOR AGONISTS
Few investigators have directly studied the combination of radiation therapy and TLR-targeted therapies. Mason et al. demonstrated a markedly enhanced tumor response to radiation therapy after peritumoral and intratumoral injections of the TLR agonist, CpG, in a murine fibrosarcoma model (85, 86) . Increased radiosensitivity of lung cancer cell lines after treatment with CpG has also been reported (87) . In light of the recently elucidated role of TLRs in radiation-induced responses, this effect may reflect synergy at the level of TLR signaling (Fig. 1) . Further investigations are required to determine the applicability of such approaches, but the potential implications of these findings are broad. TLR-targeted therapy may sensitize a wide range of tumor types to radiation therapy and limit the radiation dose required to achieve therapeutic effect. Related approaches may become more prevalent as new TLRtargeted therapies emerge.
FUTURE DIRECTIONS
The armamentarium of immunotherapeutics is expanding at a rapid rate. DC-based immunotherapy in particular shows promise, as DC vaccines are increasingly being administered in a neoadjuvant setting, allowing for the identification of more objective surrogates for response. This approach may also facilitate the study of combinations of immunotherapies and conventional therapeutics, such as chemotherapy and radiation therapy. Radiation therapy may enhance the antigenicity of tumors and promote stromal targeting, and perhaps more importantly, may activate effector DCs through TLR-dependent mechanisms. The addition of radiotherapy could enhance the efficacy of DC-based therapies, however, deficiencies in our current understanding of the power and limitations of such approaches preclude rational treatment design. Important areas of uncertainty include the optimal dosing, timing and sequencing of therapies. As we learn more about the immune-mediated mechanisms initiated by radiotherapy we will be able to utilize this modality more rationally.
